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Abstract 
Experimental studies show that the parameters that contribute to fatigue in PVC pipes include the number of pressure cycles, the 
amplitude of the transient pressures, and the average pressure to which PVC material is exposed during the transient. Based on 
such experimental studies, design standards have been set to provide the required data for calculating the permissible number of 
pressure cycles below which the PVC pipes are considered safe against fatigue.  However, the key challenge is to determine the 
amplitude and the number of transient pressure cycles, values which should be the outcome of a thorough transient analysis. 
Using a quite simple concept, the Plastic Pipe Institute developed the computer program PACE for the analysis of the fatigue 
failure mode in PE and PVC pipes. However, the concept behind this program disregards the intensity of the transient in the 
system, and thus its results are questionable in more realistic systems. The current research aims to explain and improve on the 
underlying concept of the program PACE. To this end the fatigue analysis of a hypothetical pumping system is made by the aid 
of both the program PACE and the results of a thorough transient analysis considering different mode of operation of the 
pumping system. The results show, somewhat predictably, that the analysis of fatigue in PVC pipes is a crucially system 
dependent; thus, the concept utilized by the PACE program is overly simplistic. In addition, the numerical results obtained imply 
that PVC pipes are safe against fatigue failure in a wide verity of operational conditions and that a reliable fatigue analysis can be 
only achieved through utilizing the data obtained from a though transient analysis.   
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of CCWI 2015. 
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1. Introduction 
Waterhammer pressures may be induced in water and waste water pipe systems if the flow velocity suddenly 
changes in any point of the system. This may occur during the normal operation when the flow condition is being 
changed from one steady state condition to another such as by starting or stopping pumps or by adjusting valves. In 
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addition, unwanted flow changes, such as those caused by pump power failures, the malfunction of the 
hydrometrical components (e.g., check valve slam or sudden air release) and human errors are all capable of 
producing severe transient flows.  
Nomenclature 
a pipe acoustic wave velocity 
D pipe diameter 
DR dimension ratio 
f  friction factor in Darcy-Weisbach equation 
g gravitational acceleration 
H piezometric head  
PC pressure class 
STR short-term pressure rating 
t time 
V flow velocity  
x distance 
Whatever the cause of the transient flow, the pipe system has to be designed to safely perform under the resulting 
transient pressures. In practice, there are different ways of coping with the consequences of transient flow.  These 
include designing the pipes to be sufficiently strong to safely tolerate the maximum transient pressures, controlling 
the transient pressures through surge protection devices such as air chamber and surge relief valves, or by employing 
a combination of strategies. 
In pipe systems with long metal pipes, it is not usually economical to design the pipes to tolerate complete 
waterhammer pressures, so the use of surge protection devices is inevitable in order to maintain the transient 
pressures below pipe design pressures. However thermoplastic pipes, and PVC pipes in particular, have significant 
capacity for tolerating transient pressures without requiring dedicated surge protection devices. The flexibility of 
PVC pipes significantly reduces their acoustic velocity and thus the resulting waterhammer pressures. In addition the 
structure of PVC material is such that it can easily tolerate a short-term pressure rises which are as high as 1.6 its 
rating pressure [1]. Moreover if PVC pipe segments are connected through butt-fused joints, they can tolerate full 
vacuum pressure without having significant risk of buckling [2]. This implies that PVC pipes can often reasonably 
handle negative transient pressures as well as positive ones.  
Nevertheless the capacity to tolerate occasional water hammer pressures in not the only consideration during 
design.   Rare events, such as those occurring during pumps power failure, mean that designers have to make sure 
that the maximum transient pressure does not exceed the short pressure rating of the pipe. However if the transient 
pressures occur quite frequently in the system, an additional check is still required to ensure that the pipe is safe 
against fatigue [1] .  
Like other materials, PVC may experience fatigue failure when exposed to prolonged and intense cyclic forces. 
This implies that when PVC pipes are subjected to extreme recurrent waterhammer pressure surges, the fatigue mode 
failure might be of an important concern and thus must be checked during the design stage. To this end, based on an 
extensive laboratory data, the AWWA standard C905 [3] provides a criterion to check PVC pipes safety against 
fatigue failure.  Having both the pipes mean hoop stress and the hope stress associate with the recurrent pressure 
surges, the number of pressure cycles causing failure can be easily extracted from the graph provided in the standard. 
With the aid of the maximum allowable pressure cycles obtained and considering a safety factor of 2, the life time of 
pipe can be simply calculated if the number of cycle of recurrent pressure surges expected during the operation of 
the pipe is known. 
When following this simple procedure, the key challenge is to calculate both the magnitude and amplitude of the 
recurrent pressure surge. These values are obviously totally system dependent and vary from one system to another. 
For example the pipes serving in a water distribution network may experience significantly lower pressure 
amplitudes and cycles than the pipes used in a force main pumping system. Even for two different force main 
pumping systems these design parameters may be totally different. It is worth noting that the fatigue information 
embedded in the graph presented in the standard show that the number of allowable cycles are quite sensitive to the 
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amplitude of the recurrent pressure surge, implying that a small error in calculating the recurrent pressure surge 
amplitude may significantly distort the number of allowable pressure cycles. This implies that it is only a thorough 
transient analysis study can provide the required information for a valid fatigue analysis. 
Recently the Plastic Pipe Institute developed the PACE computer program (standing for Pipeline Analysis & 
Calculation Environment) which is claimed as a tool for assisting industry professionals in the evaluation and 
selection of PE pipe for pressurized water distribution and transmission main systems [4].  In addition, this program 
provides comparable results for PVC pipes. The program calculates the maximum waterhammer pressure amplitude 
simply based on the steady state flow velocity provided by users (which cannot be also less than 4 fps) and computes 
transient pressures through applying simple Joukawski equation.  
However, calculating the maximum waterhammer pressure amplitude based on the initial steady state flow 
velocity is rather simplistic as it excludes the effect of many important parameters which directly depends upon the 
intensity of transient in the system and on how the system is operated. Moreover, for pumping systems, which are 
more subjected to transient cyclic pressures, there is really no evidence in the literature showing that the maximum 
pressure rise can be directly or accurately calculated by the Joukawski response. As discussed before since the 
fatigue analysis result crucially depends on how accurate the amplitude of waterhammer pressures is calculated, the 
program PACE cannot provide reliable results. 
Thus, the main intention of this paper is to challenge the underlying concept of the program PACE and to 
demonstrate how this simplified approach can distort the fatigue analysis results for PVC pipes. To this end, fatigue 
analysis is performed for a hypothetical PVC pumping line by the aid of a thorough transient analysis and the results 
are compared with those obtained from the program PACE.  
2. Theoretical background 
The following sections briefly reviews the computational aspects of the two main theoretical components of this 
work, waterhammer and fatigue analysis.  
2.1. Waterhammer analysis 
The transient flow or water hammer in the closed conduits is governed by the following two partial differential 
equations known as the momentum and continuity equations respectively [5].  
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Except for few simple problems, this set of equations does not have analytical solution, so numerical approaches 
appear to be inevitable when they are going to be applied for real pipe systems containing complex boundary 
conditions. To this end a numerical model is developed to solve the governing equations. The model employs the 
well-known method of characteristics whose accuracy has been proven through research and long-term use [5]. The 
performance of the key hydro-mechanical components of the system is also included within the model through 
specification of the boundary conditions. For details see [5] & [6]. 
2.2. Fatigue Analysis 
AWWA standard C905 [3] provides a simple approach for analyzing fatigue in PVC pipes. In this approach the 
maximum allowable number of pressure cycles beyond which fatigue mode failures becomes quite probable can be 
extracted from Fig. 1 embedding the results of an extensive laboratory study [7].  The key information required for 
extrapolating the graph are the amplitude of recurrent water hammer pressure surges expected during the normal 
177 Ahmad Malekpour et al. /  Procedia Engineering  119 ( 2015 )  174 – 181 
operation of the system and the mean pressure on the either side of which the transient pressures oscillate. Figure 2 
illustrates these key information.   
When the number of allowable pressure cycles are determined the safe life time of the pipe can be calculated 
from the following equation based on the number of pressure cycles expected during operation. 
 
Years to Failure = Number of allowable cycles / Number of cycle per year 
 
When counting the number of pressure cycles, one important issue to consider is whether or not the flow is 
completely cut off in the system. When the flow is partially reduced, the resulting transient oscillations are quickly 
damped within a few cycles. Otherwise the pressure oscillations are maintained for a significant length of time 
before the system friction dampens the oscillations. From the fatigue analysis prospective, the train of pressure 
cycles is shown to be the equivalent to 1.55 cycle of a pressure rise having the maximum amplitude of the wave 
train [2] & [7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. AWAA cycle design curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Stress terms illustration 
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3. The hypothetical pumping system description 
There are a variety of pipe systems for which fatigue issue is very unlikely to be a serious issue. For example, the 
pipes serving in a water distribution network may receive a slight pressure variation which is very unlikely to 
produce fatigue. Note that such a system may still experience intensive transients when the system is responding to a 
fire flow condition, but this is a kind of event occurs only once in a while and need not be considered in a fatigue 
analysis. Even in some pumping and gravity pipe systems the intensity of transient may be still too low to produce a 
fatigue issue. In such systems, any flow change is achieved smoothly through, say, utilizing a VFD in a pumping 
line or by gradually closing the flow control valve in gravity water conveyance systems. 
However, there are some pipe systems that may experience extensive transient flow during their normal 
operation.  One such example might be a pumping system in which the flow is controlled through frequently turning 
the pumps on and off. The transient flow in such systems become even worse when they respond to a wide range of 
flow change during the day. An example of such system is sewer pumping force-mains.     
For the sake of being conservative, this paper investigates possible fatigue issue in a PVC pipe system in the 
context of a hypothetical pumping system in which the flow control is achieved by suddenly turning the pumps on 
and off.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Sketch of the hypothetical pumping line plan and profile 
 
Figure 3 sketches the plan and profile of the pumping line considered. The system employs a long PVC pipe with 
an internal diameter and length of 600 mm and 5 km respectively. The pumping station consists of 4 similar pumps 
with the same rated discharge and pressure of 0.15 m3/s and 157 psi respectively. For each pump a 300 mm needle 
valve allows implementation of different pump on and off operational scenario. Simultaneous working of all pumps 
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produces a maximum flow of 0.6 m3/s in the system if the Hazen-Williams friction factor is considered as 130; in 
this condition the maximum steady state velocity 2.12 m/s is established in the pipe. 
To select the pressure class (PC) of the pipe, AWWA standard for force main design is followed [1]. In this 
approach the summation of the working pressure and the recurrent pressure surge must be kept below the pipe PC. 
The next check in this approach is to control if the summation of the pipe working pressure and occasional pressure 
surge remains below the short term pressure (STP) of the pipe. Since the recurrent surge pressure would be 
determined through transient analysis later, the PC of the pipe is first determined based on the second criterion. If 
the transient analysis results show that the first criterion is not met, another DR is selected and the procedure is 
repeated until the proper DR is determined.  
Assuming DR 21 for the pipe and based on the maximum flow velocity of the pipe (2.15 m/s) and an acoustic 
velocity of 360 m/s (associated with DR 21), the occasional surge pressure can be calculated as 116 psi through 
applying Joukawski equation. The summation of this pressure and the pipe working pressure is thus 273 psi which is 
less than that allowed for DR 21 but greater than that allowed for DR 25 [2].    
4. Fatigue analysis 
In this section fatigue analysis is performed for some hypothetical flow operation scenarios. The scenarios are 
designed to produce different intensity of transients which may be expected in real time operation of pumping 
systems. The flow (rather extreme) scenarios considered in this study are as follows: 
 
1. One pump stays on while other three pumps are sequentially turned off every 10 minutes. The pumps are 
then sequentially turn on after a 10 minutes interval. 
2. One pump stays on while a pump is first turned off and two other are simultaneously turned off after 10 
minutes. A pump is then turned on and the two other pumps are turned on simultaneously after 10 minutes 
3. All pumps are first sequentially turned off every 10 minutes and then turned on with the same order in 10 
minutes intervals. 
4. In every 10 minutes two pumps are simultaneously turned off and then turned off with the same order. 
 
Transient analysis is numerically conducted for each scenario and the results are summarized in Figs 4 & 5 for 
the scenarios 1 to 4, respectively. The figures represent the pipe discharges and pressures time history at pump 
station where the maximum pressures occur in the system. As shown in the figures in all scenarios the pressures do 
not exceed the PC of the pipe implying that DR 21 selected for the pipe in the previous section satisfies the design 
criteria [1]. 
 
 
 
Fig. 4. Transient responses for scenarios 1 (left) and 2 (right) 
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Fig. 5. Transient responses for scenarios 3 (left) and 4 (right) 
 
 
As the Fig. 4 implies, as long as the last pump in the system is not turned off the transient pressures are short-
lived and appear as a single pressure pulse. However when the last pump fails, intensive transient pressure 
oscillations are induced and maintained until at least one pump is brought back into the operation (see Fig. 5). This 
strongly suggests that for pumping systems maintaining a specific non-zero minimum flow in the system, the 
transient pressure cycles, and consequently the fatigue issue, is not nearly as significant as that in pumping system 
with the discharge cycling between 0 to the maximum flow.  
In order to perform fatigue analysis for the scenarios, the first step is to extract both pressure surge amplitude and 
the number of pressure cycles. As will be shown, the fatigue analysis is not too sensitive to these parameters in the 
first two scenarios as the pressure amplitudes are not high. For the scenarios 3 and 4 the maximum pressure 
amplitude occurring when the last pump(s) fail(s) is considered as the design surge amplitude. The subsequent 
cycles are not as important as the first one and their effect, as explained before, can be included by considering a 
number of cycles of 1.55. Since the transient responses are repeated every 80 and 40 minutes for the scenarios 3 and 
4 respectively the number of cycles per day for these scenarios are calculated as 55.8 and 27.9 respectively. 
Considering that the program PACE utilized a number of 55 cycles per day for every scenarios as a default, for the 
sake of comparison and of being conservative, a number of cycle of 55 cycles per day are hereafter applied for all 
scenarios. 
 
                          Table 1. Fatigue analysis results 
 
Scenarios Min. Press. 
(psi) 
Max. 
Press. 
(psi) 
Years to Failure 
This research PACE 
SF = 1 SF = 2 SF = 1 SF =2 
1 100 133 2387 1194 55 27.5 
2 84 143 766 383 - - 
3 85 147 647 337 - - 
4 58 166 132 66 - - 
 
Table 1 compares the fatigue analysis results obtained from this research with those calculated based on the 
simple concept utilized in the program PACE. As can be seen, for the scenarios 1 to 3, the predicted number of years 
to failure far exceed 100 years even when considering a safety factor of 2.  For the fourth scenario, the safe life time 
of the pipe is 132 years for SF = 1 but it reduces to 66 years for SF = 2. It is interesting to note that the program 
PACE does not discriminate between the different scenarios and provides quite similar results for all scenarios. Note 
that even if the flow control in the above scenarios is performed in such a way (say for example through gradually 
closing the valve on the downstream side of the pumps) that no significant transient pressures are induced in the 
181 Ahmad Malekpour et al. /  Procedia Engineering  119 ( 2015 )  174 – 181 
pipe system the program PACE still provides the same result. The simple conclusion is that that the results obtained 
from PACE are many times unreliable and misleading.  
It is worth mentioning that although the scenario 4 represents a kind of mode of operation rarely occurring even 
in sewer force mains.   Even still, the results show that PVC pipes can provide a safe life time of 100 years with a 
safety factor of 1.35. 
5. Summary and conclusions 
In this paper the sensitivity of fatigue analysis in PVC pipes is investigated in the context of a hypothetical 
pumping system. To this end different operational scenarios are numerically implemented and the transient 
responses of the system calculated for each scenario. The fatigue analysis is then performed by the aid of both the 
numerical results and the simple concept used in the program PACE.  
The results show that the fatigue analysis is quite sensitive to the intensity of transient which itself depend on the 
mode of operation of the system. However the program PACE disregards the intensity of transient in the system and 
almost always underestimates the resistance of PVC pipes against fatigue failure. It is also shown that even when 
there is little transient pressures or no cyclic loading during system operation, PACE still shows a fatigue base 
failure for PVC pipes. This lack of responsiveness to real conditions means the program’s results can be unreliable 
and misleading. In addition, the numerical results obtained imply that PVC pipes are quite safe against fatigue based 
failure in a verity of operational conditions and that a reliable fatigue analysis can be only achieved through a 
thorough transient analysis.  
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